−0.8 ± 7.5 mL (p = 0.90), 2.6 ± 3.3 mL (p = 0.84) and 1.4 ± 6.4% (p = 0.45), respectively. Conclusion The proposed 3D cardiac cine imaging method enables reliable respiratory self-gating performance with good reproducibility, and provides comparable image quality and functional measurements to 2D imaging, suggesting that self-gated, free-breathing 3D cardiac cine MRI framework is promising for improved patient comfort and cardiac MRI scan efficiency.
Introduction
2D cardiac cine MRI is considered the clinical standard for evaluating global cardiac function. Data acquisition is usually performed with a series of breath-holds to cover the entire left ventricle. This results in patient discomfort and can be particularly challenging for patients who have impaired breath-hold capability, or patients who have difficulty in cooperating with breath holding instructions. Furthermore, breath-hold positions may change from slice to slice, leading to slice misregistration errors, and thus reducing the accuracy of cardiac function quantification. Free-breathing 3D cardiac cine imaging techniques can overcome these limitations by improving patient comfort, avoiding the slice misregistration errors, providing contiguous volumetric coverage with thinner slice thickness that enables improved accuracy in measurements of cardiac function, and providing increased signal-to-noise ratio (SNR) and allowing visualization of reconstructed images in any desired orientation which also greatly simplifies specification of the imaging volume.
Free-breathing 3D cardiac cine MRI, however, has several challenges that impede its acceptance for wide clinical use. First, it requires a reliable respiratory motion compensation strategy. Gating is usually applied based on a respiratory motion signal, so that only data with minimal motion blurring (such as at end-expiration) are used for image reconstruction [1] [2] [3] [4] [5] [6] [7] . Other approaches have been developed to correct for respiratory motion by registering MRI data or images at different motion states and then combining all of them [8] [9] [10] . For both motion compensation strategies, a respiratory motion signal is required, which can be obtained from either external devices or an intrinsically acquired self-navigator. Respiratory bellows has been shown to be a reliable device for obtaining respiratory motion signal [11] , however, its setup requires additional preparation and post-processing (especially the synchronization of the bellows signal with acquired k-space data). Self-navigation is an attractive alternative for free-breathing cardiac cine imaging [1, 10, [12] [13] [14] . It enables a simplified scan set-up with improved scan efficiency, and has also been demonstrated to have similar imaging performance as respiratory bellows in free-breathing cardiac cine imaging [3, 4] .
Acceleration of 3D cardiac cine MRI is usually needed and this has been achieved using different fast imaging techniques, such as non-Cartesian acquisition and parallel imaging [1, 3, 10, [15] [16] [17] . K-t parallel imaging techniques, such as k-t SENSE and k-t GRAPPA, have also been used to exploit spatial-temporal redundancy in the dynamic image series, thus enabling improved imaging performance with higher acceleration rates [6, [18] [19] [20] . Compressed sensing (CS) is another powerful approach that can be used to accelerate 3D cardiac cine imaging [21, 22] . CS circumvents previous limits on imaging speed and efficiency, allowing efficient reconstruction of images from incoherently undersampled data by exploiting image sparsity. It can be combined with parallel imaging to exploit joint sparsity from multiple coils for further improved imaging performance [23] [24] [25] [26] [27] [28] [29] [30] . Successful implementation of CS requires specific undersampling schemes, such as random undersampling that generate incoherent aliasing artifacts that have the appearance of added noise, and a non-linear reconstruction algorithm to remove incoherent artifacts by enforcing image sparsity. Since its introduction to MRI, a variety of CS techniques have been developed with encouraging imaging performance for a variety of clinical applications.
Some sampling patterns have also been proposed in recent years for continuous data acquisition on a Cartesian grid with golden-angle rotation. These include Radial view ordering (VDRad) [31] , Golden angle Cartesian acquisition with Spiral Profile ordering (G-CASPR) [32] , GOldenangle CArtesian Randomized Time-resolved (GOCART) sampling [33] , spiral phyllotaxis sampling on a Cartesian grid [34] , and comprEssed Sensing PaRtial SubSampling (ESPReSSo) incorporating variable-density Poisson Disc and partial Fourier acquisition [35] . VDRad was recently adopted for pediatric cardiac MRI (ROCK) [22] , in which an intravascular contrast agent was used for enhancing blood signal.
Recently, we proposed a novel pseudo-random, variabledensity, undersampling strategy called CIRcular Cartesian UnderSampling (CIRCUS) [36] , which integrates the desirable features of variable-density randomization and flexible interleaving trajectories on a 3D Cartesian grid and is suitable for CS techniques. The trajectory can be segmented into multiple interleaves, by applying a golden-ratio profile for continuous k-space coverage. Thus, it enables retrospective data sorting without the need to pre-define temporal frames for dynamic imaging applications. Additionally, oversampling of the center of k-space in CIRCUS helps to reduce sensitivity to motion, and also offers the possibility to extract a respiratory motion signal from the acquired data for retrospective respiratory gating. The performance of CIRCUS has previously been demonstrated in both phantom imaging and in vivo studies, including brain imaging, dynamic contrast-enhanced (DCE) wrist MRI, and intracranial 4D flow imaging [36] [37] [38] . A high acceleration fator of R = 20 was achieved by combining CIRCUS with a multicoil dynamic compressed sensing reconstruction framework (k-t SPARSE-SENSE) [39, 40] for DCE wrist MRI [37] .
In this study, we extend the application of CIRCUS to free-breathing 3D cardiac cine imaging. The method combines the CIRCUS acquisition, retrospective cardiac gating and respiratory self-gating, and k-t SPARSE-SENSE for highly-accelerated self-gated free-breathing 3D cardiac cine imaging. The performance of the proposed technique is compared to conventional breath-hold multi-slice 2D cine imaging for evaluation of image quality and cardiac function quantification.
Materials and methods

CIRCUS Sampling
CIRCUS is implemented in the k y -k z plane of a 3D Cartesian acquisition grid [36] . Here, k x is referred to as the frequency encoding axis and k y -k z are referred to as the two phase-encoding dimensions. This sampling strategy features a radial-or spiral-like interleaving scheme, in which sampling points on Cartesian coordinates are selected based on the golden-ratio profile [36, 41] . Such a sampling scheme enables continuous data acquisition for dynamic imaging with flexible image reconstruction of an image series with arbitrary temporal resolution that can be chosen retrospectively. It also allows arbitrary sorting of the acquired data for self-navigation and naturally provides a variable-density random acquisition for the application of compressed sensing methods. The oversampled k-space centers enable extraction of physiological motion signals (e.g., cardiac and respiration) retrospectively from acquired k-space data. As shown in [36] , a variety of sampling patterns can be generated with CIRCUS for different applications. In this study, a 3D balanced steady-state free precession (bSSFP) sequence was modified to implement a spiral-like CIRCUS pattern with a smooth transition of readout lines in order to minimize eddy current effects [36] . In addition, partial Fourier was applied in both the readout dimension and phase-encoding dimensions, resulting in 75% partial acquisition along all three encoding directions.
Data acquisition
This study was approved by the Institutional Review Board at our institution and written informed consent was obtained from all subjects before MRI scans. Cardiac imaging was conducted in eight healthy volunteers (4 females, age = 29.9 ± 5.7 years, heart rate = 62.0 ± 8.5 bpm) on a 3.0T MR scanner (750 Wide Bore, GE Medical Systems, Milwaukee, WI, USA) equipped with an 8-channel cardiac coil. For each subject, both conventional breath-hold multislice 2D cardiac cine bSSFP imaging and the proposed free-breathing 3D cine imaging with CIRCUS were performed in a short axis orientation in a random order.
Each slice of the 2D cine images was acquired during one breath-hold with prospective electrocardiograph (ECG)-gating with the following imaging parameters: FOV = 34.0 × 25.5 cm 2 , TR/TE = 4.4/2.0 ms, flip angle = 60 o , readout bandwidth = ±125 kHz, slice thickness = 8 mm, image matrix = 224 × 144, number of slices = 12-15, views per segment = 16, and the number of reconstructed cardiac phases = 20. The data acquisition time was 2.7 ± 0.5 min, and the actual total scan time (including resting periods between breath holds) was 9.3 ± 2.4 min.
The imaging parameters for 3D imaging were: FOV = 34.0 × 25.5 cm 2 , TR/TE = 4.1/1.7 ms, flip angle = 60°, readout bandwidth = ±125 kHz, slice thickness = 4 mm, image matrix = 256 × 144, and number of slices = 30-34. Respiratory bellows was used to track respiratory gating, and both ECG and bellows signals were saved for retrospective gating in image reconstruction. The 3D cine imaging sequence was performed for 2.5 ± 0.3 min with an undersampling factor (R) of 3.0 ± 0.5 (with respiratory gating efficiency of 100%). To test the reproducibility of 3D imaging method, we also acquired a second scan (hereafter referred to as scan #2) for 3.0 ± 0.2 min with R = 2.4 ± 0.6 (with respiratory gating efficiency of 100%).
To demonstrate the feasibility of the proposed freebreathing 3D imaging technique for clinical use, we acquired data from two patients; one with atrial fibrillation and the other with an aortic root aneurysm. We imaged the ventricles in the short axis view (similar imaging setting as the volunteer scans), and also imaged the left atrium and the aorta (with higher through plane resolution <3 mm), in a scan time of under 3 min at 3T.
Image reconstruction
Cardiac gating
The ECG signal, which was saved during data acquisition, was used to synchronize the acquired 3D cine data into a composite cardiac cycle. Specifically, given a user defined number of views per segment, the acquired readout lines were assigned to indices of corresponding cardiac phases based on the relevant ECG trigger. With the CIR-CUS acquisition, the number of views per segment can be retrospectively selected and it was set at 10 in this study, resulting in a fixed temporal resolution of 41 ms in all datasets. The number of reconstructed cardiac phases N was chosen as the maximal number contained in at least 85% of the cardiac cycles. Cardiac cycles with a number of cardiac phases 30% more or less than N were rejected. N was 24.0 ± 3.5 in our datasets, varying according to the heart rate of each subject.
Respiratory gating
With variable-density CIRCUS acquisition, the k-space central line along k x (k y = k z = 0) was repeatedly acquired and cross-correlation of corresponding signals from all coils was performed to obtain respiratory motion signal [13] . The principle correlation of that data was derived by applying principle component analysis (PCA), which yielded a 1D signal curve containing motion information within the FOV. Band-pass filtering was applied to remove the higher frequency variation resulting from cardiac motion. The derived motion signal was then used for accepting or rejecting data for image reconstruction based on a histogram of the curve and the given gating efficiency [3] . Similar to most of the current respiratory self-gating approaches, our self-gating method was based on relative motion. We used an acceptance rate (%) rather than absolute displacement to evaluate the gating efficiency. With the interleaving features of CIRCUS acquisition, we could retrospectively choose a series of respiratory gating efficiencies, with each of them associated with different acceleration factors. We compared the images using a series of gating efficiencies (25-100% in increments of 25%) to find a range with reasonable properties in terms of image quality, motion blurring and data undersampling. The motion signal obtained from the bellows was used as a reference for the gating method.
Sparse image reconstruction
The undersampled 3D cine datasets with both cardiac and respiratory gating were then reconstructed using k-t SPARSE-SENSE that exploits joint sparsity along the temporal dimension with a total variation constraint. Image reconstruction (e.g., reconstruction algorithm, selection of regularization parameters) was performed as described before in [39, 40] and was implemented in MATLAB (The MathWorks, Natick, MA, USA) on a Macintosh with Intel Core i7 Processor (3.1 GHz) and 16 GB memory. In this work, a range of regularization parameters were tested in two subjects and then the optimal value was selected by visual assessment of image quality and temporal profile of the reconstructed images. Since the imaging protocol was similar in all subjects, the same regularization parameter was applied for all subsequent reconstruction.
Data analysis
The correlation coefficient and linear regression between external bellows gating signal and the derived respiratory self-gating signals were calculated. The images obtained with 2D cine imaging and 3D cine imaging with different reconstruction schemes were blinded and scored by two cardiac experts with over 15-years experience in cardiovascular MRI, using a 5-point scale: 4-excellent, 3-good, 2-fair, 1-poor, 0-non-diagnostic, in terms of perception of sharpness, contrast and artifact level. Image sharpness was measured on the left ventricle (LV) cavity-myocardium interface, averaged over three locations around the LV and 3 cardiac phases including end-systolic, early-diastolic and end-diastolic phases. The measurement of sharpness is defined as the inverse of the distance between 20 and 80% of the intensity of the curve that crosses the myocardium and LV chamber [42] . This was measured using in-house software developed in MATLAB. In addition, the LV functions, including end-systolic volume (ESV), end-diastolic volume (EDV), and ejection fraction (EF, defined as (EDV − ESV)/EDV × 100) were also measured. OsiriX imaging software (OsiriX Foundation, Geneva, Switzerland) was used to segment the LV chamber semi-automatically based on a region-growing algorithm [43] , performed twice by two operators.
Statistical analysis
Image scores, sharpness and functional measurements were compared between 3D image sets reconstructed using respiratory bellows-gating and self-gating, respectively. The same comparisons were also performed between 2D and self-gated 3D imaging methods. Wilcoxon signed rank test was used to compare the qualitative ordinal image scores. Linear regression and Bland-Altman plots of the sharpness and functional measurements were used to evaluate the association and difference between the two gating methods with 3D imaging, as well as that between 2D and 3D self-gated methods. The correlation coefficients, linear fitting slope and offsets, mean bias and confidence variations (±1.96 × SD) were calculated between two measurements. p values were obtained using a two-tailed, paired-sample, t test, with a value <0.05 considered to have statistical significance.
Results
Data was successfully acquired and reconstructed for all subjects. Figure 1 shows representative cardiac cine sampling patterns using CIRCUS. As scan time progressed, the k y -k z plane was filled with pseudo-random variable-density sampling points and the k-space center lines (k y = k z = 0) were repeatedly sampled. For the representative case shown in Fig. 1 , within the whole scan time of 140 s, the averaged time interval between adjacent k-space center line acquisitions was 168.0 ± 51.2 ms, which allowed sufficient tracking of respiratory motion (that typically varies over 2-5 s.)
With retrospective cardiac gating, k-space sampling patterns at individual cardiac phases were filled with samples as scan time progressed, as shown in Fig. 1a , where k y -k z sampling patterns at every other cardiac phase are displayed at three representative scan times of 20, 50 and 140 s. Sampling patterns combined from all cardiac phases are also shown in the column on the right. Figure 1b shows the sampling patterns during the entire scan (140 s) with retrospective respiratory gating (with four different gating efficiencies).
The respiratory self-gating signals correlated well with the bellows signals (0.87 ± 0.11 correlation coefficient), and the linear regression between the respiration motion curves (after normalization) had a slope of 1.00 ± 0.17 and a zero offset.
The average image reconstruction time was about 1.5 h for each case. The undersampling factors varied according to the chosen gating efficiencies on the data acquired in 2.5 min: R = 3.0 ± 0.5, 4.0 ± 0.6, 6.0 ± 0.9, and 12.1 ± 1.9 for 100, 75, 50 and 25% gating efficiencies, respectively. Table 1 summarizes the image scores and LV sharpness. Generally, 3D imaging with a lower gating efficiency provides higher sharpness and image scores. There was no significant difference in image quality scoring between 2D and 3D free breathing imaging with either respiratory bellows or self-gating when gating efficiency is 25%, or between the two gating methods in 3D imaging giving the same gating efficiency (p > 0.05). The scores from two observers were correlated (r = 0.65). The difference in sharpness measurement between two gating methods in 3D imaging was not significant (p > 0.05), but it was significant between 2D and 3D imaging (independent of the gating efficiency). Figure 2 shows that the images acquired with 3D imaging are increasingly blurred when an increased amount of data (with more motion corruption) are used for reconstruction, which is also demonstrated on the quantitative sharpness measurements in Table 1 . Respiratory gating efficiencies of 25 and 50% consistently provided reasonable image quality throughout all cases for both bellows and self-gating methods. Figure 3 shows the short-axis (SA) images, reformatted in views along the vertical long axis (VLA) and the horizontal long axis (HLA) at peak-systolic and end-diastolic phases, acquired with the conventional 2D breath-hold imaging and the proposed free-breathing 3D imaging methods. The images obtained with 3D imaging methods were comparable to those with 2D imaging without the obvious slice misregistration errors of the 2D data that results from different positions of the multiple breath-holds. The self-gated 3D data provided similar image quality to that obtained with bellows gating. Figure 4 shows reformatted HLA images from four cases representing varying degrees of slice misregistration errors with 2D breath-hold imaging while 3D imaging provides clear alignment along the slice encoding direction. Notice that even for the young healthy subjects in this study, slice misregistration is present. Table 2 summarizes the left ventricular functional measurements in eight subjects with 2D and 3D imaging methods (given a respiratory gating efficiency of 25%). The measurements from two observers were highly correlated (r = 0.99). Fig. 1 a k y -k Image Scores 4.0 ± 0.0 3.4 ± 0.7 3.2 ± 0.6 2.7 ± 0.9 2.3 ± 1.0 3.4 ± 0.7 3.1 ± 0.6 2.7 ± 0. The corresponding Linear Regression and Bland-Altman plots are displayed in Fig. 5 , showing that the correlations in LVESV and LVEDV measurements were significant between 2D and 3D self-gating imaging (p < 0.05) and their differences were not significant (p > 0.05). Correlations of the LVEF measurements were not significant likely due to a narrow range of calculated LVEFs (55-68%) in our young healthy subjects, but the differences in the LVEF measurements were not significant (p = 0.45). No significant differences were found for LVESV, LVEDV and LVEF measurements between self-gating and bellows gating, or between two repeated 3D imaging scans. We successfully applied the developed self-gating free-breathing methods on patients. Figure 6a shows the short-axis view cardiac cine images (as well as reformatted images) from a patient with atrial fibrillation, using our proposed free-breathing 3D imaging acquired in 2.5 min;
and Fig. 6b shows images of the left atrium in two orthogonal views, acquired in 2.6 min with a higher through-plane resolution (1.6 × 2.2 × 2.8 mm). In a patient with aortic root aneurysm (Fig. 6c) , our proposed free-breathing 3D imaging, which was applied for 3 min with spatial resolution of 1.4 × 1.9 × 2.6 mm, provided a clear delineation of the aortic root (last sub-image) compared to those with the clinically available methods: breath-hold 2D imaging (axial view acquisition with through-plan resolution of 8 mm) and 3D MRA (without ECG gating). 
Discussion
In this study, highly-accelerated, self-gated, free-breathing, whole heart 3D cine imaging was successfully achieved We imaged the heart in the same short-axis view as in conventional breath-hold 2D cine imaging but in a relatively short scan time of 2-3 min. Recent studies [22, 44, 45] in free-breathing, self-gated 3D cardiac cine imaging based on Cartesian acquisition and compressed sensing reconstruction provided motivation for exploring methods to image the whole heart with isotropic resolution (specifically higher through-plane resolution) and a simpler orientation. That usually requires a longer scan time and could suffer from lower blood signal due to smaller voxel size and reduced inflow effect. Although this can be improved using a much larger flip angle (90°) at 1.5T with an extended scan time (~7 min) [30] , or using administration of blood pool contrast agent [22] , which showed excellent images with submillimeter isotropic resolution, good SNR, relatively short scan time of 4-6 min and so on. It should be noted that their study benefited greatly from the use of Ferumoxytol that is an intravascular contrast agent with a long half-life time. We were able to achieve higher resolution imaging of the atrium and the aorta at 3T (Fig. 6b, c) in ~2.5 min acquired 4-5 min after administration of Gadolinium contrast.
Only young healthy volunteers were involved in the current study. Thus 2D breath-hold imaging was well tolerated and provided excellent scores (all 4 s), while 3D free-breathing method was challenged by variations in breathing patterns. Although 3D imaging had a slightly higher in-plane encoded spatial resolution (along k x : 1.3 vs 1.5 mm), our results showed that the measured 2D sharpness was better than that with 3D imaging (Table 1) , which was likely due to the residual respiratory motion in 3D data compared to the consistent breath-holds from our young, healthy volunteers.
This study has several limitations. While improvements to the proposed methods are feasible, they have not yet been implemented. Here we selected the same gating efficiency (25%) for all the subjects regardless of the specific respiratory pattern for different individuals. The potential exists to utilize self-gating motion signals to derive subjectspecific gating efficiencies. Similarly, there is a possibility that motion correction methods could be implemented to provide benefits in either image quality or scan time.
A semi-automated region-growing algorithm was applied for segmenting the left ventricular chamber, which could introduce potential variability related to operator performance. Exploration of reliable and robust automatic segmentation algorithms will be investigated in the future. The 2D CINE imaging benefits from the in-flow effect which provides high blood-to-myocardium contrast. That effect is reduced in 3D imaging, especially toward the apex of the heart [46] . This provides a challenge to conventional segmentation methods that rely on a simple image intensity threshold. Improvements in blood-to-myocardium contrast are possible by employing contrast agents or using variable Fig. 6 Images acquired on patients using the proposed self-gating free-breathing 3D imaging: a in a short-axis view covering the ventricles in 2.5 min with 1.3 × 1.8 × 5.0 mm; b in a coronal view covering left atrium in 2.6 min with a higher through-plane resolution 1.6 × 2.2 × 2.8 mm; and c in an oblique view covering the aorta in 3 min with 1.4 × 1.9 × 2.6 mm. a, b Were acquired on a patient with atrial fibrillation and c on a patient with aortic root aneurysm. In c the proposed free-breathing 3D imaging provided clear definition of aortic root (last sub-image) compared to those obtained with the clinically available breath-hold 2D imaging (low through-plan resolution) and 3D MRA (no ECG gating) methods flip angle acquisition schemes [47] . Current image reconstruction for 3D cine imaging was implemented offline in MATLAB and required more than an hour to complete one data set. In future developments, optimization of the reconstruction algorithms and the possibility of implementing online reconstruction will be explored.
Conclusion
In conclusion, a highly-accelerated, self-gated, free-breathing, 3D cine imaging approach has been demonstrated in this volunteer study. It provides results that are comparable to those obtained with multi-slice 2D breath-hold CINE imaging in terms of qualitative and quantitative image quality measurements and cardiac function assessments. Advantages of this method are ease of prescription and acquisition, reduced demands on patient compliance, and reduced total scan time. Comparisons between bellowsgating and self-gating methods with 3D imaging demonstrated the feasibility of deriving reliable gating signal from the acquired k-space data itself instead of using external bellows. Results from repeated 3D imaging scans further demonstrated reproducibility of the proposed 3D imaging method.
